Abstract Imaging of prostate cancer presents many challenges to the imaging community. There has been much progress in this space in large part due to MRI and PET radiopharmaceuticals. Though MRI has been focused on the evaluation of local disease and PET on the detection of metastatic disease, these two areas do converge and will be complementary especially with the growth of
Introduction
Current standard of care imaging for prostate cancer includes computed tomography (CT) and Tc-99m-based bone scanning [1•] . More advanced imaging technologies continue to be developed to improve accuracy at diagnosis, staging, and restaging, as well as monitor patients on active surveillance. These techniques will allow for more informed treatment decisions. The use of imaging will expand as its use as a biomarker for treatment response and prognosis continue to develop. For castrate-resistant prostate cancer (CRPC) patients, imaging will help optimize the sequencing of the multiple therapies now available. Imaging will also support a new era of theranostics which combines diagnostic tests with targeted therapies.
We review novel imaging techniques to image local and metastatic diseases. The discussion regarding the detection of local disease centers on the use of magnetic resonance imaging (MRI) and MRI/US. For metastatic disease, we focus on several non-FDA approved, promising PET radiopharmaceuticals which offer new methods to detect and monitor disease. Though these radiopharmaceuticals are currently only available in the research setting, they offer a glimpse into the future of prostate cancer imaging which will improve the care of our patients.
Prostate MRI
While the feasibility of MRI of the prostate gland was demonstrated in the 1980s, its utility in assessment of primary prostate cancer was established over the next decade with the advent of task-specific endorectal coils in the early 1990s which provided increased signal from the prostate gland and improvements in T2-weighted imaging [2, 3] .
Subsequently, additional MRI sequences were developed, namely dynamic contrast-enhanced imaging (DCE), MR spectroscopy (MRS) (1990s), and diffusion weighted imaging (DWI) (2000s).
These functional sequences combined with traditional T2-weighted imaging are termed multi-parametric MRI (mpMRI). In current practice, most facilities performing mpMRI utilize DWI and DCE in addition to T2-weighted imaging. MRS is not widely included because it is resource intensive and the degree of added benefit may be limited [4] . Current consensus guidelines for prostate mpMRI from the European Society of Urologic Radiology, Admetech, and the American College of Radiology, which are known as PIRADS v2, emphasize DWI and DCE as the standard functional sequences and consider MRS optional [5, 6••] . mpMRI has been shown to be very accurate in the detection of clinically significant prostate cancer with a recent meta-analysis demonstrating a pooled specificity of 0.88, sensitivity of 0.74, and negative predictive value ranging from 0.65 to 0.94 for clinically significant prostate cancer [7•] .
Non-targeted Systematic Biopsy
Prostate biopsies are typically performed in a systemic fashion without targeting a focal lesion. This standard of care method for diagnosing prostate cancer has consisted of trans-rectal biopsies under ultrasound (US) guidance. The US is used to localize the global anatomy of the prostate gland and direct systematic biopsy of different segments of the gland rather than targeting focal lesions, which US has low sensitivity to detect [8] . This approach suffers from less than ideal sensitivity because random samples may miss lesions (especially anterior lesions) or may undersample the lesion, detecting only the low grade portion of a lesion [9] . Moreover, random biopsies tend to detect small low-grade cancers that are currently considered of no clinical significance but nonetheless require follow-up including repeat biopsy [10] . More recently, several methods of targeting focal lesions seen on MRI for biopsy have become available.
Direct MRI-guided Biopsy
Direct in-bore MRI-guided biopsy targets lesions with the patient in the MR scanner. While this technique may be the most accurate in targeting the lesion seen on MRI, it is logistically difficult [11] . Constraints include those related to performing a procedure in a strong magnetic field, which requires specialized materials. Direct MRI-guided biopsy also requires extended MRI scanner time, which is an expensive limited resource.
MRI-targeted-Ultrasound-guided Biopsy
Because of the constraints of direct MRI-guided biopsy, focus has shifted toward a combined biopsy approach, where US is the imaging modality used during biopsy but MRI data is incorporated to target lesions. This approach is accomplished in one of two main ways: cognitive registration and image fusion.
Cognitive Registration
Cognitive registration biopsy entails first performing mpMRI to detect prostate lesions. These lesions are then targeted for biopsy under US guidance, usually with the trans-rectal approach, using relative anatomy to target the expected location of the lesion. The Bregistration^in this technique is performed in the mind of the operator and is, thus, highly dependent on experience. The MRI lesion location in the prostate gland is viewed in relation to adjacent structures such as the urethra, the global gland anatomy, and perhaps other lesions such as BPH nodules. The main advantage of this technique is that it is relatively easy to implement and does not require additional hardware or software. The major drawback is that registration and targeting may not be as precise as other techniques owing to both the deformability of the prostate gland and the nonstandard and variable imaging planes of US as well as the skill of the operator. Nevertheless, in experienced hands, this technique has been shown to be relatively accurate and more efficient than non-targeted systematic biopsy [12, 13] .
Image Fusion
Image fusion utilizes algorithms and hardware to overlay MRI data on real-time US images during US-guided biopsy. Most commonly, mpMRI is obtained, and the lesions and the whole prostate gland are then contoured. During the biopsy session, the prostate gland is again contoured on real-time US. The MRI and US data are then spatially registered and the contoured MRI lesions are overlayed on the real-time US images. As the operator adjusts the US probe to view various parts of the prostate, the MRI data are also adjusted in real-time. Biopsy can then be directed to the location of the prostate where the MRI lesion is projected. Needle trajectory can be overlaid on the images to improve adequate sampling. Different vendors have developed variations of the technique, some utilizing software only and others requiring additional hardware. The fusion technique requires greater investment in software, sometimes hardware, MRI post-processing, as well as operator training. However, accuracy of lesion targeting appears to be improved relative to cognitive registration, with a recent study showing that cognitive registration detected less than half of the clinically significant cancers detected by fusion [14] . Furthermore, there is growing evidence which shows high accuracy, improved detection of clinically significant cancer, and decreased detection of clinically insignificant cancer with the fusion approach [15, 16, 17 
Novel Diffusion Techniques
DWI has become central to the success of mpMRI and is an active area of research. Traditional DWI assesses the Brownian (random) movement of water molecules in tissues. Malignant tissue tends to have more restricted water motion due to the large numbers of cell membranes and collagen stroma. The novel diffusion techniques attempt to refine the type of diffusion being probed and, thus, extract more specific information. The one technique which has entered clinical practice to a variable extent is Bhigh b-value^DWI. The Bbvalue^is a measure of the strength of the magnetic gradient applied during image acquisition. DWI is typically performed at two or more lower b-values so the apparent diffusion coefficient (ADC) can be calculated. ADC is a more accurate representation of diffusion restriction than the primary diffusion signal. Traditionally, b-values ranged from 0 to 1000 s/ mm [23] . Figure 1 shows an example of a prostate gland lesion that was most conspicuous on high b-value DWI.
Advancement in DWI has also been seen with implementation of more detailed mathematical models of the diffusion signal. For example, diffusion kurtosis imaging (DKI) models the signal decay with increasing b-values using a polyexponential function rather than a monoexponential one [24] . DKI better correlates with the data especially at high bvalues where the diffusion signal is more significantly affected by the intracellular environment [24] . DKI has been shown to improve accuracy in prostate cancer differentiation [25] .
Improved Data Extraction
DKI is a form of image processing which extracts more useful information from the data already present. Textural analysis is another technique which assesses the variability of signal within a lesion to obtain quantitative parameters which can help differentiate malignant tissue [26] . A recent abstract by Rezaeilouyeh et al. describes an application of shearlet transformation, in effect, an enhanced edge detection algorithm, to obtain sensitivities of 92, 100, and 89 on T2W, DWI, and DCE images, respectively, in a small cohort [27] . Yet another approach is to use multiple computer-derived imaging parameters to define the characteristics of a tumor. Such methods are highly dependent on accurate histologic verification [28] .
Hyperpolarized MRI
Clinical MRI has exclusively relied on the nuclear magnetic resonance (NMR) of the water proton, 1 H. Water protons are abundant in the body and, thus, provide high signal. The ubiquity of water is also a limiting factor, as the specificity of water signal is limited. Any element with a nuclear spin of one half can theoretically produce NMR signal. However, the concentrations of other potential elements of interest in the human body are too low for conventional imaging. Traditional MRS does probe compounds other than water but this has also traditionally been limited to the proton signal. Hyperpolarized MRI allows other elements to be imaged, particularly C13. This is accomplished by drastically skewing the quantum state of the nuclear spin of a specific element. Elements in this state can then produce enough signal to be measurable and useful although only for the short time they remain hyperpolarized.
In dynamic nuclear polarization, hyperpolarization is obtained by adding a free radical which couples with the substrate of interest and transfers some of its electron spin to the nucleus of interest. Then, the substrate is cooled to near absolute zero and irradiated with microwaves to induce the spins to mostly align in one direction. The substrate is then rapidly melted by dissolving it in solution, and after a quality control process, the compound is rapidly injected into the patient [29] . This method has been successfully accomplished in a limited number of humans using hyperpolarized 13 C-pyruvate which is converted to 13 C-lactate preferentially in cancer cells [30] . A wide variety of metabolites could be probed not only for tumor detection but also for characterization of cancer [29] . Potential drawbacks of the technique are its complexity, expense, the need for injection of an extraneous agent, and the rapid decay of hyperpolarization requiring rapid injection and imaging.
Pet Radiopharmaceuticals Prostate-specific Membrane Antigen
Prostate-specific membrane antigen (PSMA) is a cell surface transmembrane glycoprotein with an intracellular component and a large extracellular component with enzymatic function also known as folate hydrolase or glutamate carboxypeptidase; however, the exact function of PSMA and its ligand are unknown [31] [32] [33] [34] . PSMA expression is found in the normal prostate gland, but much higher expression is found in primary and metastatic prostate cancer [32, 35] . Despite its name, PSMA expression is also found outside the prostate gland in the neovasculature of other solid tumors such as kidney, bladder, pancreas, and lung cancers, and low level expression is also demonstrated in the small intestines, proximal renal tubules, salivary glands, and brain [33, 36] .
Currently, the only commercially available imaging agent for the detection of prostate cancer is a radiolabeled PSMA antibody, In-111 capromab pendetide (ProstaScint®), which was FDA-approved in 1996. ProstaScint® is a mouse monoclonal antibody that binds to the intracellular component of PSMA in apoptotic or necrotic tissue with limited sensitivity and specificity (~60 and~70 %) including low detection of bone metastases [32, 35, 37, 38] . This suboptimal performance is attributed to the targeting of the intracellular domain of PSMA which limits detection to non-viable prostate cancer cells where the membrane is damaged. In addition to test performance issues, disadvantages of ProstaScint® include a long delay between injection and imaging, low lesion to background uptake, and human anti-mouse antibody reaction [39] .
Several newer PSMA agents which target the external moiety of PSMA are currently being investigated for imaging and therapy. Due to better resolution of PET/CT imaging compared to SPECT/CT imaging, there is great interest in PET radiopharmaceuticals. New PSMA-based imaging agents include antibodies and small-molecule PSMA inhibitors [34] . J591 is a de-immunized monoclonal antibody that binds to the extracellular component of PSMA, and unlike ProstaScint®, can detect viable prostate cancer cells. It has been labeled with Zr-89 and Cu-64 for preclinical PET imaging and with Y-90 and Lu-177 for therapy [34] . A disadvantage with antibody-based agents is the delay between radiotracer administration and imaging to clear circulating, nonlocalizing antibodies for improved target to background ratio. For example, J591 tagged with Zr-89 for preclinical PET imaging studies required post injection delay of 5-7 days [40] .
This challenge has been addressed with the introduction of small-molecule PSMA inhibitors that have been investigated with promising results. Small-molecule PSMA inhibitors bind to the external component of PSMA on the cell surface and are internalized after binding [31] . A recent clinical study using Ga-68-PSMA (Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBED-CC)]), for the detection of prostate cancer recurrence in 248 patients with biochemical recurrence after radical prostatectomy demonstrated high detection rates even at relatively low PSA levels [41••] . Detection rates for PSA≥2 ng/mL was 97 %, for PSA 1 to <2 ng/mL was 93 %, for PSA 0.5 to <1 ng/mL was 73 %, and for PSA<0.5 ng/mL was 58 %. The reported detection rate for this Ga-68 PSMA agent is superior to detection rates for C-11 and F-18 choline which are reported to be about 40-60 % for a PSA level below 3 ng/ mL [41••] .
Ga-68-labeled PSMA inhibitors have been appealing not only due to increased detection rates but also due to their theranostic counterpart, Lu-177. Ga-68 and Lu-177 are Fig. 1 A small lesion in the left lateral basal peripheral zone of the prostate gland is seen on mpMRI. The lesion is most conspicuous on DWI as a focus of high signal on high b-value images (a, b=1400) and low signal on ADC map (b). It is barely visible above background on T2-weighted images (c) and DCE (d, early post contrast) interchangeable theranostic radioisotopes. By exchanging Ga-68 radioisotope with Lu-177, a beta-emitting radioisotope, an imaging agent can be turned into a radiotherapy agent. PSMA-617, a small-molecule PSMA inhibitor which targets the external moiety of PSMA, has been studied with Ga-68-labeling for PET/CT imaging followed by Lu-177 labeling for radiotherapy [42] .
F-18-labeled PSMA inhibitors, such as 18F-DCFBC, are also being developed for the evaluation of primary and metastatic disease [43] (Fig. 2) . In a recent prospective study of 13 patients, 18F-DCFBC PET demonstrated higher specificity for high-grade (Gleason scores 8 and 9) and larger tumors compared to MRI [44••] . F-18-labeled agents have the advantage of a longer half-life (110 min) compared to Ga-68 halflife (68 min). This allows for centralized production and delivery in a geographic region, akin to the production and delivery of F-18 FDG, which could potentially result in increased commercial availability and distribution of the imaging agent.
FACBC
Anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic acid (FACBC) is an L-leucine amino acid analog which was initially developed for imaging of glioblastomas [35] . FACBC demonstrates increased in vitro uptake in prostate cancer cells and increased in vivo uptake in xenograft nude mouse models likely via the alanine-serine-cysteine amino acid transporter found to be overexpressed in prostate cancer cells [45, 46] . Once it is taken up by the cell, this radiolabeled amino acid analog does not get incorporated into protein synthesis [46] . There is little urinary excretion of FACBC compared to other F-18 PET agents like F-18 FDG and F-18 fluorocholine which makes it a favorable agent for the detection of primary prostate cancer, local recurrence, and metastatic pelvic lymph nodes [34, 45] .
Although an initial study with an orthotopic prostate cancer model in rats demonstrated higher FACBC uptake in prostate cancer than in inflammation or benign prostatic hyperplasia [47] , in human studies, false-positive uptake in infection, inflammation, benign prostate hyperplasia, and in metabolically active benign bone lesions have been demonstrated [48] . In a prospective study of 21 patients before prostatectomy and hormonal therapy, higher FACBC uptake in tumor compared to normal tissue was demonstrated, but there was overlapping FACBC uptake in cancer, benign prostatic hyperplasia nodules, and prostatic intraepithelial neoplasia resulting in false-positive findings which could be decreased by combining FACBC with MRI [49] . Recent meta-analysis of FACBC for prostate cancer detection demonstrated a pooled sensitivity of 87 % and pooled specificity of 66 % [50] . 
C-11 Acetate
Acetate is taken up by the cell for the synthesis of fatty acids via fatty acid synthase which is upregulated in prostate cancer [33] . F-18 FDG has proven insensitive for imaging prostate cancer compared to C-11 acetate because fatty acid metabolism rather than glycolysis may be more important in prostate cancer as demonstrated by the upregulation of fatty acid synthase and by the alteration of many enzymes involved in fatty acid metabolism found in prostate cancer cells [52] [53] [54] . C-11 acetate is excreted by the respiratory system with very little urinary excretion [55, 56] which would be advantageous similar to FACBC [57] .
Unfortunately, there is considerable overlap of radiotracer uptake in prostate cancer, benign hyperplasia, and normal prostate gland [58] . Meta-analysis for primary prostate cancer detection found a pooled sensitivity of 93 % and specificity of 60 %, but when evaluated on a lesion basis, the pooled sensitivity was 75 % and specificity was 76 % [56] . Although the diagnosis of primary disease may be suboptimal, C-11 acetate may play a role in the detection of lymph node metastases at initial diagnosis. A prospective study of 107 patients with intermediate and high risk localized prostate cancer prior to radical prostatectomy demonstrated that C-11 acetate imaging may detect local metastatic lymph nodes and correlate with treatment-free survival [59] . For detection of recurrence, C-11 acetate performed better for distant metastases and lymph node recurrence with a pooled sensitivity of 82 versus 64 % for local recurrence in the prostate bed, but subanalysis demonstrated 20 % higher sensitivity in prostatectomy patients than in post-radiation patients [56] . Elevated PSA level strongly correlated with sensitivity of C-11 acetate for the detection of recurrent prostate cancer with 35 % lower sensitivity when PSA was less than 1 ng/dL [56] .
A disadvantage of C-11 acetate is its short 20-min half-life. This limits its use in routine clinical practice due to the need for an on-site cyclotron. As a result, F-18 acetate with a more favorable radioisotope half-life of 110 min has been studied. Currently, there are no studies comparing the use of C-11 acetate versus F-18 acetate in humans, but a study in monkeys and a pig demonstrated unfavorable blood pool activity, extensive urinary and bile excretion, and defluorination resulting in increased uptake within the skeleton. The study concluded that F-18 acetate was not a useful analog to C-11 acetate [60] .
F-18 FDHT
16β-18F-fluoro-5α-dihydrotestosterone (F-18 FDHT) is a radiolabeled 5α-dihydrotestosterone analog. 5α-dihydrotestosterone is the main androgen receptor ligand [61] . Androgen receptor (AR) is important in the development and progression of prostate cancer. First-line treatment for systemic treatment of advanced prostate cancer is androgen deprivation therapy (ADT) with surgical or chemical castration which is based on the idea that majority of prostate cancer cells require androgen and the deprivation of androgen will cause prostate cancer cells to die or cease dividing [62] . Although patients with advanced prostate cancer initially respond to ADT, patients often progress to CRPC around 1 to 3 years after starting ADT therapy [63] .
The exact mechanism underlying the transition from castration-sensitive to CRPC is unknown, but CRPC is known to have AR alterations that enable the receptor to signal even in the absence of androgen [64] . Even in CRPC, the AR continues to function, plays a role in disease progression, and maintains high expression in most cases of CRPC [65] [66] [67] . As a result, there is growing interest in molecularly directed prostate cancer therapies against alterations of the AR [61] .
F-18 FDHT binds to the AR and could potentially be used to assess the AR status of prostate cancer for initial treatment planning or for the assessment of treatment efficacy [61] . A feasibility study examining F-18 FDHT for the imaging of AR in 19 patients with advanced prostate cancer demonstrated that the administration of an antiandrogen, flutamide, resulted in decreased FDHT uptake from baseline, and three of five patients who had never received antiandrogen therapy demonstrated no FDHT uptake, suggesting that FDHT could be used to evaluate AR receptor status for initial treatment planning and to monitor results from therapy [32, 62] .
Currently, hormonal therapy for breast cancer is determined by estrogen receptor status in biopsy specimens. However, due to potential tumor heterogeneity, evaluation of biopsy sampling could result in sampling bias. Using an in vivo, non-invasive imaging method for the detection of AR could overcome such sampling bias and be an important tool prior to initiating hormonal therapy for prostate cancer with ADT [62] . Given the lower sensitivity for prostate cancer detection compared to FDG (FDHT of 78 and 86 % versus FDG of 97 %), FDHT may be a better imaging agent for in vivo determination of the AR status prior to hormonal therapy and for assessing AR response to therapy than for the detection of prostate cancer [62, 68] .
Bombesin/Gastrin-releasing Peptide
Gastrin-releasing peptide (GRP) is a 10-amino acid neuropeptide with many physiological functions in the body and is a mammalian counterpart to bombesin, a neuropeptide initially discovered in the skin of European frogs, Bombina bombina and Bombina variegata [69] . Mammalian bombesin was identified from pig stomach and found to be a peptide involved in the release of gastrin and hence the name GRP [70] . Since the cloning and characterization of the human GRP, GRP has been found to stimulate tumor growth in several cancers by binding to G-protein-coupled GRP receptors (GRP-R) [71, 72] .
There is low expression of GRP-R in normal prostate compared to 45-100 % increased expression in prostate cancers [73] . In vitro studies in prostate cancer cell lines and in vivo studies of xenografts in nude mice have demonstrated that GRP enhanced tumor growth which could be blocked with GRP-R antagonists [72] . GRP/bombesin may also have a role in the development of CRPC. Studies have found overexpression of GRP-R in CRPC [73] , and GRP/bombesin has been found to activate the AR and cause the growth of an androgendependent cell line under androgen deprivation conditions [74] .
GRP/bombesin analogs binding to GRP-R have been radiolabeled with a variety of radioisotopes including Tc99m and In-111 for gamma camera imaging, with F-18, Cu-64 and Ga-68 for PET imaging, and with Lu-177 and Y-90 for radiotherapy [75] [76] [77] . F-18 and Ga-68 labeled GRP/bombesin analogs are both good candidates for PET imaging; however, Ga-68 with its favorable half-life, generator rather than cyclotron production, and theranostic pairing with Lu-177 has garnered much attention.
The first human study with a Ga-68-labeled GRP/ bombesin analog, BAY86-7548, in 14 patients with initial diagnosis of prostate cancer (n = 11) or with biochemical recurrence of prostate cancer after prostatectomy or hormonal therapy (n=3) demonstrated 88 % sensitivity, 81 % specificity, and 83 % accuracy for the detection of primary carcinoma and 70 % sensitivity for the detection of metastatic lymph nodes [76] . The first human study with F-18-labeled GRP/bombesin analog, BAY 864367, in 10 patients with an initial diagnosis of prostate cancer (n=5) or biochemical recurrence (n = 5) demonstrated feasibility with higher detection rates in patients with primary prostate cancer than in patients with recurrent disease [78••] . The detection rate was also lower than that for the Ga-68 BAY86-7548 study which could be due to a slight structural difference between the two agents and the variation in Gleason score between the patient populations [78••] . Given the overexpression of GRP/GRP-R detected in the in vitro and in vivo studies in cell lines of several cancers, more human studies using GRP/bombesin analogs for diagnosis and radiotherapy are expected.
Conclusion and Future Directions
Imaging of prostate cancer continues to advance. Current MRI techniques have improved with new developments in diffusion imaging. Many practices have already adopted MRI fusion biopsy and high b-value DWI. Novel methods of image processing that extract more information from acquired data are being investigated. Completely novel techniques, such as hyperpolarized MRI, are also in advanced stages of development. A phase 1 study of hyperpolarized substrate MRI for prostate cancer has been completed, and successful larger clinical trials demonstrating effectiveness and improvement in outcomes will need to be performed before this technology enters clinical practice [30] . With regards to PET, new advances in radiopharmaceutical development continue to improve the detection and monitoring of recurrent/metastatic disease. Although these novel PET imaging agents are currently not available for routine clinical use, there are several phase 0 to phase 2 trials investigating the use of these novel PET imaging agents. These investigations include phase 2 clinical trials with FACBC for the detection of recurrent prostate cancer and for guiding radiotherapy in post prostatectomy patients and phase 1 and 2 clinical trials with PSMA agent, 18F-DCFBC, for the detection of metastatic prostate cancer [79] [80] [81] . There are also phase 0 and phase 1 clinical trials being conducted for Ga-68-labeled bombesin, F-18 FDHT, and Ga-68 PSMA radiopharmaceuticals [82] [83] [84] [85] . Future developments in radiopharmaceuticals will also incorporate new PET/MRI scanners which will synergistically combine PET and MRI, likely resulting in improved ability to detect and characterize local disease as well.
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